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I. Real Party in Interest 

Lockheed Martin Corporation is the real party in interest, and is the assignee 
of Application No. 09/988,660, 

II. Related Appeals and Interferences 

The Appellants' legal representative, or assignee, does not know of any other 
appeal or interferences which will affect or be directly affected by or have bearing on 
the Board's decision in the pending appeal. 

III. Status of Claims 

Pending claims 4, 6 and 9-20 are appealed in this application. Claim 4 is the 
only independent claim. Claims 6 and 9-20 depend from claim 4. 

Claims 4, 9-13 and 15-20 stand rejected under 35 U.S.C. §1 03(a) as being 
unpatentable over U.S. Patent No. 4,507,551 to Howard et al. (hereafter "Howard et 
a/.") in view of Applicant's Admitted Prior Art, U.S. Patent No. 5,369,51 1 to Amos 
(hereafter "yAmos") and U.S. Patent Application Publication No. 2001/0029816 to 
Ben-Menachem et al. (hereafter "Ben-Menachem et al"): and claims 6 and 14 stand 
rejected under 35 U.S.C. §1 03(a) as being unpatentable over Howard et al, in view 
of Applicant's Admitted Prior Art, Amos and Ben-Menachem et al. and further in view 
of U.S. Patent No. 6,034,407 to Tennant et al. (hereafter "Tennantet al"). 

IV. Status of Amendments 

All amendments in this application have been entered. 

V. Summary Claimed Subject Matter 

The present application relates generally to infrared imaging systems. 
Exemplary embodiments of the disclosed infrared imaging system are illustrated in 
Figures 1 and 2, reproduced and discussed below. 
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Figure 1 shows a schenriatic perspective view of the infrared imaging system 
100 having a compressor housing 102 and an optical housing 104. The optical 
housing 104 has a cryogenic subassembly 106, an optical subassembly 108 and an 
electronics subassembly 110. The optical subassembly 108 is positioned within the 
cold space 1 1 6 of the cryogenic subassembly 1 06 at the receiving end 1 1 8 of the 
optical housing 104. A lens 122 and infrared (IR) detector 124 are included in the 
optical subassembly 108. 



100 




108 



FIG. 1 

Figure 2 shows a plan cross-sectional schematic view of the optical 
subassembly 200, with the lens 206 positioned in the cold space 210. The lens 
receives incident IR energy 218 through an IR transmissive window and projects the 
IR energy to a detector 208. 
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FIG. 2 

The lens has a first surface with specific features and optical elements 
designed to manipulate the IR energy in a desired manner. 

For example, the first and second surfaces 214, 216 of the lens 206 are 
aspherical over at least a portion of the lens 206 and such that the aspherical 
surfaces 220 are aligned radially symmetric in the transmission path about axis X-X*. 
Alternatively, the entire first or second surface 214, 216 may be aspherical. 
However, the cross-section of the caustic at the points B, C is no greater than the 
surface area of the first or second surface 214, 216 and is such that the transmission 
path may propagate through the aspherical surfaces 220. 

In addition to being aspherical, the second surface 216 of the lens 206 is also 
a holographic optical element (HOE) 222, alternatively called a binary surface or a 
diffractive grating on a curved surface. The HOE 222 uses principles of harmonics 
to discriminate and propagate a plurality of wavelengths. 
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Typically, a HOE design starts with picking a center or design wavelength. In 
the present application, the design is based around two center wavelengths. While 
the two wavelengths have a relationship consistent with the diffractive orders, the 
lens design technique used to create the HOEs configured two HOEs (each with a 
different design wavelengths, e.g., with the ranges of 3-5 jiinn or 8-12 [xm) but placed 
them in the same physical location, thus creating a single HOE with two design 
wavelengths. 

Accordingly, exemplary embodiments of the HOE 222 discriminate and 
propagate at least two wavelengths. For example, a first wavelength is manipulated 
by the HOE 222, a second wavelength, which is a harmonic component of the first 
wavelength, is also manipulated by the HOE 222. The principles also apply to all 
subsequent wavelengths to be manipulated by the HOE 222. 

In the present application, the optical elements of the first and second 
aspherical surfaces 214,216, e.g., the aspherical surfaces and the HOE, combine to 
manipulate infrared energy from at least two wavebands in the infrared spectrum. In 
one embodiment, a first waveband has a wavelength of 3-5 |am, preferably 4-4.5 |xm, 
and a second waveband has a wavelength of 8-12 |im, preferably 8.5-9.5 |Lim. In a 
second embodiment, the first and second aspherical surfaces 214,216, the HOE 
222, and the detector 208 combine to manipulate infrared energy from at least two 
wavebands in the infrared spectrum 

As shown in Figure 2, a detector 208 is positioned in alignment with the other 
components of the optical subassembly 200 about the axis X-X' at a focal length 
distance d from the second surface 216 of the lens 206, at a coincident focal plane to 
at least two wavelengths manipulated and transmitted by the lens 206 and the 
holographic optical element (HOE) 222. The detector 208 can discriminate at least 
two or more wavelengths of incident energy in the IR spectrum, such as wavelengths 
at 3-12 pm. The detector 208 processes the wavelengths to produce multiple 
waveband detection capability within a single detector. In an exemplary 
embodiment, the detector 208 concurrently collects radiation from multiple, adjacent 
spectral radiation bands. This type of detector may be used in "hyperspectral 
imaging." 
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Several advantages of the exemplary infrared imaging system 100 are 
disclosed at paragraphs [0035] to [0037]. 

For example, use of a single, color corrected element in the dewar provides 
an optical subassembly that is shorter and provides for a better form factor and lower 
part count for the entire infrared imaging system. Also, by enclosing the single lens 
within the detector dewar, the optical subassembly, including the optical stop, lens 
and detector, are all located within a single enclosure. Previously, tight alignment 
tolerances had to be maintained across the detector-to-dewar mount, the dewar-to- 
optical housing mount and the optical housing-to-optics mount. By eliminating the 
multiple interfaces the total tolerance budget can be applied on the single interface, 
reducing the required manufacturing and assembly tolerances and reducing the 
requirement for precision alignment across multiple interfaces. 

In another example, placing the single, color corrected lens 206 in the 
cryogenic subassembly 106 is advantageous because it places the optical 
subassembly 200 in a controlled temperature environment. By maintaining the lens 
206 at a nearly constant temperature, the need for a passive or active 
athermalization system to correct the thermally induced focus variations may be 
eliminated. While this could be accomplished previously by heating or cooling the 
optics with a separate device, this approach makes use of the cooling capabilities 
that are already present in the system. Also, enclosing the optical subassembly 200 
in the cryogenic subassembly 106 places the optics in a sealed, evacuated 
environment, protecting it against dust or other contamination. While this could be 
accomplished in a separate enclosure, this approach makes use of capabilities 
already present in the optical housing 104. 

In addition, the alignment of the optical components permits a detector to be 
located at the focal plane for the lens system. In previous multi-lens imaging 
systems, it was difficult to ensure alignment of the optical components because the 
thermal coefficient of expansion resulted in disparate movement of the individual 
optical components. A unitary structure housed within the cold space essentially 
eliminates thermal transients amongst the components once a temperature 
equilibrium has been achieved by the cryogenic housing and compressor, thereby 
overcoming the alignment problems. 
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The foregoing features also permit the design of a lower cost system with the 
same performance capabilities of current, more expensive ones. 

VI. Grounds of Rejection to be Reviewed on Appeal 

Whether the combination of disclosures in Howard et al., Applicant's Admitted 
Prior Art, Amos and Ben-Menachem et aL as proposed by the Examiner renders 
claims 4, 9-13 and 15-20 obvious. 

VII. Argument 

Independent claim 4 stands rejected under 35 U.S.C. §1 03(a) as being 
unpatentable over the combination of disclosures in Howard et aL, Applicant's 
Admitted Prior Art, Amos and Ben-Menachem et al. on the grounds set forth in 
paragraphs 2-3 of the Official Action dated March 23, 2005. This rejection is 
respectfully traversed for at least the following reasons. 

A. The holographic optical element of Amos does not function to correct 
the claimed wavelengths and therefore the rejection does not teach or 
suggest all elements of the claim. 

Applicants claim specific structural features and arrangements, e.g., a single 
lens with a first aspheric profile and a second aspheric profile having, in addition, a 
holographic optical element, to obtain the desired result. The combinations of 
features contributes to both 1) color correct a first color band of infrared energy 
having wavelengths of 3 to 5 micrometer and 2) coincidently focus at the common 
focal plane the first color band and a second color band of infrared energy having 
wavelengths of 8 to 12 micrometers. 

In the rejection, the Examiner relies upon the disclosure in Amos. 
Specifically, the Examiner points to the assertion of Amos that holographic optical 
elements (HOEs) are able to correct chromatic aberrations at all wavelengths (see, 
col. 18, lines 59-60). However, this disclosure in Amos is not consistent with the 
understanding in the art of the corrective capabilities of HOEs at the time and has, 
therefore, been misapplied to reject the claims. Further, when correctly interpreted. 
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this disclosure in Amos, in combination with the prior art of Howard et al. and Ben- 
Menachem et aL will not correctly image over multiple wavebands as claimed. 

Amos describes the utility of a series of conical or pyramidal surfaces. One of 
the proposed methods of creating these cones and pyramids is with HOEs. In 
column 18, line 43 to column 19, line 9, Amos discusses the ability of HOEs in 
general. More specifically, HOEs are an implementation of Amos's canonical or 
pyramidal generators to correct chromatic aberrations. Amos states "However, 
binary optics techniques add a notched diffractive component to the refractive lens 
so that chromatic aberration is corrected." The "notched diffractive component" is 
the contribution of the standard HOE, which has a wavelength dependence and 
would require some additional method to correct all wavelengths of the 
electromagnetic spectrum. Thus, while Amos creates "a plethora of tiny staircase- 
type notches" (Column 19, lines 2-17), it is not a fundamental property of the HOE 
disclosed in Amos to correct all wavelengths of the electromagnetic spectrum. 

To further illustrate and corroborate the above understanding of the properties 
of Amos's HOEs, Applicants submit herewith in Appendix IX portions of "Optical 
Design Fundamentals For Infrared Systems" by Max J. Riedl (SPIE Optical 
Engineering Press, 1995). The author discusses the properties of diffractive optics 
on pages 93-102 in the section titled "Diffractive (Binary) Optics." (The terms 
holographic, binary or diffractive are synonymous in optical surface design.) 

Specifically referring to Figure 4.26, the use of diffractive surfaces to correct 
chromatic aberrations (as well as the combination of a HOE and a standard surface 
as mentioned by the Examiner) is shown. Note that, just like a standard optical 
surface, a diffractive surface has a variation of focus position with wavelength, 
indicated by the short and long image positions in the diagram. These short and 
long image positions can be balanced with the short and long image positions of a 
standard refractive surface to make a chromatically corrected image. 

However, there are limitations to the correction of an HOE. The limitations 
are put forward in section 4.5.2 Diffraction Efficiency and 4.5.5 "Useful" Spectral 
Bandwidth. The "useful" bandwidth mentioned here is less than that obtained from 
the claimed infrared imaging apparatus. The corrections of an HOE could more 
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accurately be described as not increasing the bandwidth, but allowing for multiple 
bands. 

Applying this understanding of the features and limitations of the HOE 
disclosed in Amos, it is respectfully asserted that the HOE of yAmos cannot function 
to correct a first color band of infrared energy having wavelengths of 3 to 5 
micrometer and coincidently focus at a common focal plane the first color band and a 
second color band of infrared energy having wavelengths of 8 to 12 micrometer as 
presently claimed. Rather, at best Amos, corrects multiple bands of energy that are 
much closer in wavelength than that claimed. 

Part of the Examiner proposed combination also relies upon the disclosure in 
Ben-Menachem et al. Ben-Menachem et al. discloses a lens element with two 
aspheric surfaces. However, the disclosed lens element does not teach or suggest 
the presently claimed imaging apparatus. 

Applying the above discussion on HOEs to the elements disclosed in Ben- 
Menachem et ai, it is respectfully asserted that the elements in Ben-Menachem et 
al. cannot correct a first color band of infrared energy having wavelengths of 3 to 5 
micrometer and coincidently focuses at the common focal plane the first color band 
and a second color band of infrared energy having wavelengths of 8 to 12 
micrometer as presently claimed. Rather, the elements in Ben-Menachem et al. 
operate on only one of the two claimed wavelength ranges. This interpretation of 
Ben-Menachem et al. is supported by the disclosure in Ben-Menachem et ai itself. 

For example, Ben-Menachem et al. discloses at paragraph [0060], line 8, that 
when used in an IR thermal imaging system, the disclosed double aspheric lens 
operates in the 8-12 \xvc\ or the 3-5 \ixx\ wavelength range {emphasis added). In 
other words, the disclosure in Ben-Menachem et al. explicitly teaches that only one 
of the wavelength ranges manipulated by the presently claimed imaging apparatus is 
within the operating range of his apparatus. This is consistent with the above 
discussion of typical HOEs and the limitations to the correction of a typical HOE. 
Accordingly, this reference also does not contribute, alone or in combination with the 
other references, to teaching or suggesting the claim feature. 

The other references in the proposed combination disclose other features of 
the claims and are not directed to, nor teach or suggest, features of the lens to 
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include the claimed color correction of a first color band of infrared energy having 
wavelengths of 3 to 5 micronneter and the claimed coincident focusing at the 
common focal plane the first color band and a second color band of infrared energy 
having wavelengths of 8 to 12 micrometers. Thus, these references are not 
discussed here. Rather, the prior discussion of these references is incorporated by 
reference. 

For at least the above reasons, the rejection should be withdrawn because 
the combined disclosures do not teach or suggest all of the features of the present 
claims. 

VIII. Claims Appendix 

See attached Claims Appendix for a copy of the claims involved in the appeal. 

IX. Evidence Appendix 

See attached Evidence Appendix for a copy of portions of "Optical Design 
Fundamentals for Infrared Systems" by Max J. Riedl (SPIE Optical Engineering 
Press, 1995). This document has previously been submitted with the Response 
dated January 19, 2005. 



Respectfully submitted. 



Buchanan Ingersoll PC 



P.O. Box 1404 

Alexandria, Virginia 22313-1404 
(703) 836-6620 



Date September 15, 2005 



By: 
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VIII. CLAIMS APPENDIX 

The Appealed Claims 

Claims 1-3 (Canceled) 

4. (Previously Presented) An infrared imaging apparatus comprising: 
a dewar, having an internal volume that defines a cold space; 
an IR transmissive window that seals the cold space to receive IR 
energy directly from an IR source; 

a first lens located within the cold space to receive IR energy directly 
from the IR transmissive window; 

an IR detector located within the cold space in operational 
communication with the first lens and positioned coincident to a focal plane of at 
least a first and second wavelength of IR energy; and 

an optical stop located within the cold space in front of the first lens, 
wherein the first lens has a first aspheric profile on a first side and a second 
aspheric profile on a second side, the first side parallel to the second side and the 
second side facing the detector, 

wherein the second aspheric profile has a holographic optical element, and 
wherein the holographic optical element color corrects a first color band of 
infrared energy having wavelengths of 3 to 5 micrometer and coincidently focuses at 
the common focal plane the first color band and a second color band of infrared 
energy having wavelengths of 8 to 12 micrometer. 



Claims Appendix - 1 
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5. (Canceled) 

6. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the detector is a hyperspectral detector. 

7. (Canceled) 

8. (Canceled) 

9. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the holographic optical element coincidently focuses both the first color band 
of infrared energy and the second color band of infrared energy at a common focal 
plane. 

10. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein one of the wavelengths of the second color band is a harmonic component 
of one of the wavelengths of the first color band. 

1 1 . (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the first lens is made of germanium. 

12. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the first lens is made of silicon. 



Claims Appendix - 2 
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13. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the apparatus performs at an F-stop (F/#) of at least 1 .4 with a square field 
of view of 90x90 degrees. 

14. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the detector concurrently collects radiation from multiple, adjacent spectral 
radiation bands. 

15. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the first aspheric surface has the following prescription: 

radius = -0.94467; 

k = 28.345216; 

a = -2.13952; 

b = -69.5274; 

c = 2342.04; 

d = -56841.9; and 

first surface thickness = 0.548467. 

16. (Original) The infrared imaging apparatus of claim 15, wherein the 
second aspheric surface has the following prescription: 

radius = -0.61281; 
k = 0.1399; 
a = 0.033459; 
b = -2.3598; 
c= 10.889; 

Claims Appendix - 3 
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d = -36.331; and 

second surface thickness = 0.462731. 



17. (Original) The infrared imaging apparatus of claim 16, wherein the 
holographic optical element has the following prescription: 
-0.0051393, -0.10212, 0.91035, -2.3946. 



18. (Previously Presented) The infrared imaging apparatus of claim 4, 
wherein the first aspheric surface has the following prescription: 
radius = -1.23508; 
k = 36.049455; 
a = -1.69104; 
b = -98.6413; 
c = 5589.83; 
d = -162359; and 

first surface thickness = 0.761661. 



19. (Original) The infrared imaging apparatus of claim 18, wherein the 
second aspheric surface has the following prescription: 
radius = -0.81270; 
k = -0.10748; 
a = 0.054475; 
b = -0.72423; 
c = 2.9155; 
d = -7.8939; and 

Claims Appendix - 4 
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second surface thickness = 0.480234. 



20. (Original) The infrared innaging apparatus of clainn 19, wherein the 
holographic optical element has the following prescription: 
-0.017112, -0.038991, 0.55069. -1.6405. 



Claims Appendix - 5 
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IX. EVIDENCE APPENDIX 

Enclosed is a copy of portions of "Optical Design Fundamentals For Infrared 
Systenns" by Max J. Riedl (SPIE Optical Engineering Press, 1995). 



Evidence Appendix - 1 
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(4.34) 



whe3re ^is the ratio of ihc secondar}* and priman- mirror diameters. In the case discussed 
s = 0.5, which jields an effedth^ (;?#) of 2.3. It is easj'^ to see that the S/N will be 
reduced b>' 25%. If this is act acceptable, the initial (;7#) has to be lowered accordingly 
and the impact on the aberrations has to be ree\'aluated, 

4-4.5 Instantaneous field of view 

As ^^'e know, for a perfa:l optical s\'stem, Ite instantaneous Held of vievt^ (IFOV) is 
strictl}' determined by the si2^ of the detector element d\ Its angular extent is expressed 
as iFOV = 2wp = d7f. The blur spot is at best the difi^ction size of S ^ 2.44 X but 
frequently larger, depending on the residual aberrations. In either case, one has to agree 
with the user on the energy percentage of the blur spot size that is acceptable for the 
appIicatioB as a field cutoff. 



4,5 Diffractive (Binary) Optics 

As a practical matter, one can look at diffraction simply as another method besides 
refraction and refleaion to change the direction of light rays. Fig. 4.24 sho^s the three 
different vvays of redirecting rays b}' an optical element. 




/ 



FIG. 4.23 Blur spot and instantaneous field of \^ie^^^ 




^ T^Hp 




Reflection 
(mirror) 



Redaction 
(lens) 



Difiraction 
(grating) 



FIG. 4.24 TlirEJc: Wcjys lo change direction of light. ravH 



Uijually, one thinks fxtsi of -d linear gratsita as a diilruc-uve element, becaiuje n vin<i 
bctu in use xbr a long time. By arr^uiging a d^ifractivx^ phase premie pmperiv '^s 
cooccniric rings on a flat stibsti^re, rhe graJjng becomes a dmracnvc ^e^^ Suc[i a is 
sonicunics referred to as a sangle-wave Fiiisiiei lens, mc^uni^ ot me ooe-u=;ive opucal oath 
different:^ thai exists a* ihe zor^e traasiUonv 

4.5, 1 The Jfimple tliffractive 

A diftractivc single! as .^kown in Fig. 4 25 uon5isi5. of a piaBe-paralk! disk with a 
Circular grating sinicmrc imposjcd on one surface. The performiiig principle of this 
sunace-refief stnicmre iies in the periodic phase delay introduced by the coniniuous 
change of the phvsica! uuckness of the element accordini? to the phase equaiion 

0(r) : - ^-{ar '~ -f ftr" -f cr'^-r . ) (-1.35) 

In this eqaauon. /?, etc., art the phase coefficients. is the wavelength, and 
the radial coordirmte. Difiractjve ^ne bo^mdiiries uccar at each Iti traasiuon Thv. 
nxaxiniuTu zone dzpth at the transtuon is 




iA 36) 



is the refractive indcN of iiic ieiis nuUcrial at lhede;;sHii wnveleriiifn A,, 




FIG. 4.25 Cross seelion of simple diflractive ier^ {snigie--.5.'Bve Fre.'inel lens ) 



The Iccalion of the zones m a diuraciivc lens can bt deierninied from ihe ^imor\ 
for ihe classical Fresacj /c?Eie piaie whh 



(4 
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where w is the zons number. Therefore, the first zone radius = -Jl^^ and r s r^-/n, 
from which we derive the total number of zones required for a lens vnth a diameter £>. 



Eq. (4.39) indicates that the required zone number for a difrracth'e lens is 
independent of the chosen substrate material. 



Based on the quadratic term of the phase equation {Eq. (4.35)], = , wliich 

leads to the relation 2Aq/ = ZqIo , or 

The minus sign indicates the direction of the phase profile. 

For a lens witli a focal length of /= 80 mm and a diameter of D = 16 mm, used in 
the infrared spectrum at a ^5^*avelength of /^o = 4 pm, we find: 

a - -0.00625 mm'^ n = D.8 mm, and = 100 zones. 

r2 =1.131 mm 
r3 = L3S6 mm 



etc. 



= 7.960 nun 
noo ~ 8.00 mm. 

The zone spacing at the edge of the lens has diminished from the spacing of 
0.8 mm for the Erst zone to 0.04 mm. This is an important indicator for the 
manufacluring process to be chosen. 

As a quick reference approximation^ the minimum lyDae spacing is stated by 

(jr)_ = 2A,(//#). (4.41) 

If we select silicon, a suitable material for ?uy = 4 ^m, where its index No =^ 3,425, 
the raaximuin 7X3ne depth d^^^^x " 1 -65 am. 



4*5-2 The hybrid achromat 

For many applications, especially for broadband systems in the iafi*ared region, the 
hybrid achromat presents a ver^^ interesting alternative to the conventional doublet."'' By 
combining refractive and diffractive powers, one can effectiveiy correct the chromatic 



aberraaaa. The basic ontK^iple for this coner^tion hes in iHt tad ihai a aitrracuye 
focn'se^ The longer vc^^i^phs cioser to the kns than ihe sijonex wavelenguii. j-^ 
Midu:ated m 4 26, ihiS is \ust the opposite of tlic beha^acr of a r^iractivt .^ns.^ i 
^tal DQwer of ^he ren^^aive/diflbscuve coitibinHtiun is the sum of uic pawsr^ lue 



lot; 
element?;. 



- '^^^ wkh f - ^^^^ 



ik7 



Ren*active 



Dirraotive Hybrid A^cfeoiaai 



W R (long A.) % B (short c' R & B 



FIG. 4.2^ Principle orcommiiinu rernicti^^e and dia'i:^cdve ptweis for ooloi conecituii. 

By assigning tlie proper power to each element, their individiiai chror.iatic 
:ontribiUioTis cancel. 

The foiiowing conditions must e>dst lo achitr^'e the corrsciion: 
1 - i / 



i 



where k is ihe Abbe nBmber for rermctjon,. the Abbe niimbei for diffi-actiOn. .u, is 
rac^c^nrer Tl^a^/elenlrth for which the index of refraciion £i'. M-.. ana >:i^ and M. 
short- and iong-waA^ieaglh timiis of the spectral band Notice thai Mi independeiU oi 
anv iniucnai u$.ed lor the lens 
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With these relationships, it becomes quite simple to esdmate quicid5*, based on the 
first term (the quadratic term) of the phase equation [Eq. (4.35)], what the first zone 
radius wiU be and h<m mBny zones ai« needed for a particular lens. 

r,^^2XJ^. (4.46) 




(4.47) 



4.5,3 Numerical examples 

To correct an ^1, l OO-mm-focal-length germanium lens used in the S-12um 
region, for which %ve select 10 am as the center uaveiength, we find that h = -90, 
Vrf '2.5, f, 100.253 mm, and /d = 3 9 JOG mm. Fuxther, r, ^ 28.178 mm, rtictnj = 4, 
uith r2 = 39.450 mm, and - 48.806 mm. The fourtli zone ends at the edge of the 
lens, where = 50. mm. The maximimi depth of the zones at their transitions is 
^^mcx ~ 3,33 um. 

From the ^nations we can ss^ that large Abbe numbers and long w^elengths 
result in low zBue numbers, as demonstrated wiih the example. This very favorable 
chai^cteristic exists for most common materials used in the mid- and long-IR 
wavelengths regions. A phase profile with only a few zones can be very economicalh^ 
machined b}^ sin^e-potnt diamond turning/ 

For a quick reference. Figs. 4.27 and 4,28 show nomograms covering achromatic 
hybrids for the 3- to 5- and 8- to 12-pm %\indows. Only materials that can be diamond- 
turned have been included in these nomogram*s. 

In Fig. 4.27 a ZnSe lens vdth 50-mm focal length /is in\^estigatsd. The first zone 
radius - 6 mm. For a kns diamet^ of D = 50 mm (JIl)^ the total 2:one number 
required to correct chKjmatic abermtion is fotmd to be =17. Table 4,1 lists all the 
numerical values of the zone radii for the lens discu^ed. 



Table 4.1 Lens radii for ZjiSe example Isas. 





Radius r 


Zxinc & 


Radius r 


1 


6.000 mm 


10 


18,974 nun 


2 


8485 


11 


19.900 


3 


10.392 


12 


20.785 


4 


12.000 


13 


21.633 


5 


13416 


14 


22,450 


6 


J4.697 


15 


23,258 




15.87$ 


16 


24.000 


S 


16.971 


17 


24.739 


9 


18.000 


18 


25 456 (D/2 = 25min) 
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FiC 4.27 Homognim for hybnd 3din>Tual for the 3- k> 5-um r^igjon (object tocaiiJti at iniliiity). 

This nomogram qiiickly assesses whether a proposed hybrid achromal requires a 
reasoHt^ie niiniber of z^nss. For ^^nomic reasons, the tool raiiius is kept as lanie as 
possible in singk-poin; diaxBond turning. HoT^-wer, the larger the tool radius, the more 
transmiiied eocrgjy is being redire^csd ai each zone transition step and turned into stray 
radiauoa, Fonunalaiy, more than twenty zones are seldom needed for IR applications. 
The blockuge, or sliadowing sHects, caused by the catling tool can amaimt to several 
percenL^ 



For the 8- to 12-^ region, germanium is a superior laateriai wth its high Abbe 
number of almost 1,000, It is in a class of i^s oi^ai compared to other diamoad-tuiBable 
materiais. This is iadicated in Fig. 4,2S by the large sepaxatiOB from the other materials 
on the material scale. .Knfll germanrom iens with 100-mm focal length requires orJy 
three steps (four zones} across its diaineter. From /^cHrz^K ^ ^fl^vCfM)] one can see that 
for germanium, the anguiar cliromaiic blur amounts to only D.OO05/(/?#) radians. 
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Lens Material 



® 



Focal length First Zone Radius Lens Diameter 
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FIG, 4.2s Notnagnim for hybrid achroTnal for tiie S-to ll-jirn region (abject located at itifinily). 

In Fig, 4.28, example (J^) sho\^s ^ri JJl .Ainlir 3 lens with a 50-nirn focal length. 
Tlic nrsi zone radius is found to be 6,7 mm, leading to a total of 14 zones across the lens 
diameter. The second example (2) is the J7\ germanium iens discussed abo\^e wth 3 
focal iengih of 100 mm. Here, the first radius is quite large, measuring 28.3 mm. Ov^r 
the 100-ram diameter, only 4 zones are required to correct chromatic aberration. 



As Eu. mcBcaiv;. uu; zone raciii litc ciiJcuh^led ?nrh ref^reTv;^: to ih- -i^iMei 




Fig '^.2v shows the ciHiractfon efficicTicy t:x wz.^ a luncuon oC ihe waA^cieueths nitio 
wisveiengih shouid be chosc^^ as 




FlCr. 4,2? Dillracdon ctncicncy a5 a fimcuon oixb.c ratio ^^^aad A. 
1 h.e approT^niaic average effiacacy can be staled by 



(4 31)) 



rin cxampie. fo: = S rind A.- '2 um. the center wH'r.iciigih for equal 
eiliciencv rediscrion rit both ends of iho speciraf window wouid be 
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Ao = (2xgxI2)/(B+I2) = 9.6 \xm. With thai, the average dDTxaaion efficiency si ~ 95%. 
If we would have chosen 10 urn as the center wavelength instead of 9.6, the eJaiciency 
would ha^^e dropped to SI% at 8 um and to 91% at 12 p.m. Tue average eSicienc>' would 
have stayed about trie same. The shifting of the center, or bla^^, Ti;vwelength can be 
effectively employed lo favor one end of the spectml window relative to ths other. This 
can be of interest for applications where signal strengths need to be balanced. 

4.5.5 "UiiefttI" spectral h^6wtdih 

Pveairanging Eq. (4.50) and solving for the bandwidth Jyl^delds 

AA = ^Vi-^ ^ (4.51) 

.-Assuming an average diffiraction eSicienc^^ of 95%, 

-dA^ 0.4271^. (4,52) 

For the LWIR region, with = 10 lun, the "useful" bandwidth is therefore 4,27 
urn. Ai = 4 am, the center of MV^TR, AX = 1.71 um, and for the visible spectrum 
with = 0.55 AX =^ 0.23 fxm. These numbers reveal that o%^er the common 
bandwidths, 5% or more of the radiation wi^ be difiracted into higher orders. In other 
words^ there will be at least 5% stray radiation^ w^hich may cause some sj'^em probiems. 
One can also look at this from a different perspective. The stray radiation will raise the 
background signal le\'el and therefore lower the rantrasL This afects the modulation 
transfer function (MTF).^ MTF will be ccxvered in Chs^. 6. 

4.5.<> The hybrid achrasnat, corrected for chromatic and spherical aberrations 

Changing one of the two surfaces of a singlet to an asphere will correct the lens for 
spherical aberration To eliminate chromatic aberration we add the diffracti\^e phase 
profile as described abo%'e. A good choice is to combine the two approaches by 
superimposing the phase profile onto the aspheric surface. For better protection against 
ihe errviroTimenL the second lens surfao* is preferred. 

We remember from Eqs. (3,5) and (3.6) that a thin lens sliaped for minimum 
spherical aberration has the following radii: 

^ 2(iV^2)(A--l) ^ ^ 2(/V^2)(A^-l) . 

A^'(2A^^1) ^ ""^"^ miN ~\)-^ J ' 

The aspheric shape (conic section for third-order corre'Ction.) of the second surface 
for such a b/rsic lens is expressed by the conic ODnstani 



2A^(4A^-1)(A^^2)' 
[AK2/V - I) - 4j' 



(4,53) 



For coi-iTDorisor.. the conic cnastaBis tot iht 
nienUcned Iiequenliy througbo-^xl ilnh iiitohaJ \cki are 



Zinc Seienide 

SlHCOB 

Geriuaniam 



2.4 
3.4 
4.0 



Pi 

6.9544 
i,.64j I 
1.3125 



Hyperbaia 
Elhpse 
Ellipse 
EUipse 



Applvme these cqiuuxon?. to the jn gerimmaMn sin.g]ei with a focal length ol 
HKs m^L used for th€ H- to i2-um window, ccr?ect Tbr^ sphenca^l and chroinaric 
aherrntioiiH aiid find: 



Fim ramus ^^^^ ^^l- ^'^ 

Second radius =^ ^^^^ nun Eq. O 6) 

Q>nic constant P2 - 1-3125 Eq. (4-51j 

Fkst zone radius - 2K.2 mm Fig. 4,2K ai Hq. i4.4o) 

Total zones required ^7,^^ - ^ 14 - 4 Fig. 4 2^ or £q. (4.47). 

UsiHH these mniifers as a staitirtg point, a(Mmg a siiUabic thiciaiess and the 
refmed. rt^al index of refraclioa and opLiniizing the paramciers with a computer yields in 
a matter of seconds tm achromatic hybrid thai does not vaiy -loo much from this thm- 
lens third-^rder-aberrauon-correasd single!, even for the verv low ral.ntjve aperture of 
/J] . Thi.s is another vcrhlcnlion of the ihin-lciis sppronch for ihc iR.. 



4.5.7 Binary' optics 

The term bman/ optica relates to the muuufactiinng process of a diCTrscth-e .^irface. 
In ihe phorolnho^ranhic proccsi; th,e phase profile is not etched into ihc substrate 
material as a ooaUnuous surface wiclnn a givea 2one, but approdmated 'mih a number 
of steps. Tiiis is illustrated in Fig. 4 JO. Tke relationship betw^n the nunibex A<r 01 
phntaiitourapKic masks needed \o produce K steps ox icvdis is 

zz 2"' , (4.54) 
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